Crested auklets (Aethia cristatella), colonial seabirds of Alaska and Siberia, emit a citrus-like odorant from wick-like feathers. We examined whether the odorant emission is linked to adrenocortical function and correlated with size of the crest feather ornament. Conventional signals like the size of crest ornament are inexpensive to produce and thus may be prone to deception. However, assessment signals such as the odorant could be more reliable if they impose costs and more proximate since they are continually produced. This may be the case for the crested auklet's volatile aldehyde odorant. The signal is composed of highly volatile chemicals that appear to be products of fatty acid metabolism. Adrenocortical function helps to mobilize endogenous resources for metabolism. Elevation of corticosterone may be needed to sustain a reliable chemical signal, but there are physiological costs for prolonged elevation of circulating corticosterone. We predicted that higher odorant emissions would be correlated with larger crest ornaments. Furthermore, we predicted that odorant emissions would be linked to adrenocortical response. Octanal, the most abundant compound in the citrus-like odorant, was positively correlated with crest size (r = 0.37) in males, and adrenocortical response explained 42% of the variation in octanal emissions, after controlling for stage of the breeding period. Adrenocortical response was positively correlated with octanal emissions (r s = 0.57) in females. We conclude that dominant individuals with greater capacity to mount a more robust stress response may have greater capacity to sustain odorant secretions.
INTRODUCTION
Chemical signals are widespread in nature, but the importance of chemical cues in mate choice may be underrepresented in the scientific literature (Johansson and Jones 2007; Coleman 2009 ). Even less well understood is how chemical signaling should be interpreted in the context of multiple ornaments. Secondary sexual traits may be used to intimidate rivals of the same sex, communicate information about mate quality to discerning members of the opposite sex, or accomplish both of these functions (Andersson 1994; Berglund et al. 1996) . Theoretical models of sexual selection show that multiple ornaments can evolve under Fisherian runaway selection (Pomiankowski and Iwasa 1993) or by the handicap process (Iwasa and Pomiankowski 1994) . Multiple preferences for multiple ornaments can be sustained under runaway selection so long as the cost does not greatly exceed that of a single preference (Pomiankowski and Iwasa 1993) . Under the handicap model, multiple preferences for multiple ornaments will tend to collapse to a preference for a single viability indicator, as the joint cost of exercising multiple preferences increases (Iwasa and Pomiankowski 1994) . Ornaments can be honest indicators of mate quality (Daunt et al. 2003; Dakin 2011) . Multiple ornaments may communicate multiple messages about mate quality (Jawor and Breitwisch 2004) or provide redundant information (Jawor et al. 2003) . Multiple male ornaments have been correlated in barn swallows (Hirundo rustica) with the advantage of earlier breeding (Hasegawa et al. 2010) . Multiple male ornaments are acquired on different schedules in northern cardinals (Cardinalis cardinalis). Assortative mating based on both plumage color and bill color occurs in northern cardinals; bill color could serve as a more proximate indicator of mate quality (Jawor et al. 2003) . Plumage color, acquired 6 months prior to breeding, may be associated with dominance (Wolfenbarger 1999a) . Females that select brighter male cardinals as mates may be selecting the higher quality territories of brighter males (Wolfenbarger 1999b; Jawor et al. 2003) . Many species of lizards produce femoral secretions with numerous chemical compounds (Weldon et al. 2008) . These secretions may contain multiple messages directed at multiple receivers. The proportion of cholesterol in femoral secretions of male Iberian rock lizards (Lacerta monticola) increases with body size, and the patterns of behavioral responses it elicits suggests it could signal fighting ability to male conspecifics (López et al. 2006; Martin and López 2007) . Male scents containing more oleic acid are more attractive to female rock lizards and are positively related to male body condition (Martín and López 2010) . Males that increase the proportion of ergosterol in their scent marks may attract more females to settle in their territories . These 2 compounds, oleic acid and ergosterol, may function together in some additive or synergistic way, because male scents with the highest proportions of both compounds received the highest rate of tongue-flicks from females .
Multimodal signals, in which more than one sensory modality is elicited, add additional levels of complexity, particularly for measuring the relative importance of signals in different modalities. The structural ultraviolet reflectance of some butterflies is a stronger predictor of male mating success than their pheromones, in some species (Papke et al. 2007 ). Learned preferences for visual signals in butterflies can be influenced by exposure to odors (Westerman and Monteiro 2013) . Sexual selection can produce elaborate complexity. In satin bowerbirds, the quality of elaborate constructed displays known as bowers correlates with the ultraviolet plumage coloration of the male builder; these 2 traits predict both different and overlapping aspects of mate quality (Doucet and Montgomerie 2003) . One might expect that the elaboration of chemical signals into ever more complex mixtures is driven by sexual selection. However, a study comparing diversity and richness of chemical signaling among 60 species in the lizard family Lacertidae found no relationship between degree of sexual dimorphism and the complexity of chemical signals (Baeckens et al. 2017) . Male ornaments evolve in response to female choice, in part, and the drivers of female choice can be multivariate, including both genetic and environmental factors. Female preferences can evolve independently within and among populations (Brooks 2002) , and in some species can vary in accordance with the sex ratios experienced in early life (Madden and Whiteside 2013) . Variability in female preferences along with the plausible co-occurrence of Fisherian and handicap selected traits, helps explains why variability of multiple male secondary traits persists, despite the strong directional selection predicted by theoretical models of sexual selection (Iwasa and Pomiankowski 1994; Brooks 2002) . More conspicuous multiple and multimodal ornamental traits may be associated with greater heterozygosity in the male signalers (Ferrer et al. 2015) , but not necessarily greater male survival. Male survival and expression of secondary sexual traits can be positively correlated (Jennions et al. 2001; Papeschi and Dessı-Fulgheri 2003) , negatively correlated (Brooks 2000; Hunt et al. 2004) , or not correlated . The direction of the relationship may depend upon the mean condition of males in the population (Hunt et al. 2004) . High-quality males capable of producing the most costly signals may live longer than average or may invest so heavily in sexual displays that they die early (Hunt et al. 2004) . The investment that males make in sexually-selected traits apparently varies in relation to their ability to pay the underlying costs of expressing those traits (Jennions et al. 2001) .
Many species of birds emit odors that may have a communication or defensive function (Weldon and Rappole 1997; Hagelin and Jones 2007; Caro and Balthazart 2010) , and many potential semiochemicals have been catalogued (Campagna et al. 2012) . We studied the volatile chemical emissions of the crested auklet (Aethia cristatella), a colonial seabird of Alaskan and Siberian marine waters. The crested auklet has a constellation of plumage ornaments (Jones 1993a ) that have been followed in a marked population across multiple years (Jones et al. 2000) . Male and female crested auklets have elongated feather crest ornaments during the breeding season that serve as the basis for a mutual mating preference (Jones and Hunter 1993) and as intrasexual and intersexual signals of dominance (Jones and Hunter 1999) . The crested auklet and the closely related whiskered auklet (A. pygmaea) have distinct species-specific plumage odorants that appear to have diverged evolutionarily in their chemistry (Douglas et al. 2004; Douglas 2006a Douglas , 2015a . The crested auklet's odorant is dominated by even-numbered aldehydes while the whiskered auklet's odorant is dominated by odd-numbered aldehydes. These species' odorants also differ in several other distinctive ways (Douglas et al. 2004; Douglas 2015b) . Six aldehydes and 2 carboxylic acids are consistently found in the crested auklet, and octanal is the most abundant of these compounds (Douglas et al. 2001a (Douglas et al. ,b, 2004 Douglas 2006a Douglas , 2008a Douglas , 2013 . Hagelin et al. (2003) detected some of these compounds, but Douglas (2008b) suggested that Hagelin et al.'s (2003) analyses were affected by suboptimal storage. Authors agree that the crested auklet's odorant functions in communication. Douglas et al. (2001a Douglas et al. ( ,b, 2004 and Douglas (2006a Douglas ( ,b, 2008a Douglas ( , 2013 argued that the odorant functions as a signal of mate quality and deters ectoparasites. Hagelin (2007a,b) and Hagelin and Jones (2007) argued that the odorant functions as an olfactory ornament and serves at least a general social function, as shown by experiments demonstrating orientation with a T-maze and taxidermic models (Hagelin et al. 2003; Jones et al. 2004 ). Douglas (2006a Douglas ( , 2008a suggested the odorant helps to mediate courtship based on evidence that attraction to a synthetic analogue of the odorant was heightened during courtship in a captive population. Hagelin (2007b) stated that concentrations of 2 odorant constituents (decanal and (Z)-4-decenal) were correlated with facial crest length and male social status in a captive population, but the data and methods were not presented in the manuscript.
We hypothesized that selection could have favored odorant production in crested auklets such that individuals that produce more odorant are more attractive to the opposite sex and more formidable to opponents. Darwin (1871) reasoned that specialized scentproducing tissues could arise through sexual selection if the "more odoriferous males are the most successful in winning females and in leaving offspring to inherit their gradually perfected glands and odors." Chemical constituents of the crested auklet's odorant have been isolated from gland-like structures associated with the avian integument (Douglas et al. 2001a, b; Douglas et al. 2004; Douglas 2006a Douglas , 2008a Douglas , 2015b . Specialized wick-like feathers, occurring singly or in small aggregations, contain aldehydes as major products and complementary fatty acid methyl esters and carboxylic acids as minor constituents (Douglas 2006a (Douglas , 2008a . These structures have a gland-like histological profile and a chemical profile implicating fatty acid synthesis in odorant production (Douglas 2015b) .
We reasoned that the odorant could function as a reliable signal of mate quality, if quantitative emissions communicate male competitiveness. The aldehydes must be repeatedly perfused in plumage to maintain a strong odor profile, because the compounds are highly volatile. The chemical odorant could function as a more proximate indicator of viability, potentially complementing the communication function of the crest ornament. Size of the male crest ornament is negatively correlated with baseline corticosterone, consistent with the Goymann-Wingfield model of allostatic load (Douglas et al. 2009 ). Allostatic load can be thought of as the degree of physiological challenge for maintaining allostasis, the compensatory life processes that help in parallel with homeostasis to buffer organisms against stress (McEwen and Wingfield 2003) . High allostatic load is predicted for subordinates in animal societies where dominance is maintained by aggression and intimidation (Goymann and Wingfield 2004) , and this appears to be the case for males in crested auklet societies (Douglas et al. 2009 ). Our working hypothesis is that allostatic load can affect availability of endogenous resources for odorant production. Odorant emissions covary with circulating concentrations of progesterone (Douglas et al. 2008) . We suspect that there is a complex interaction governing odorant production involving hormones, behavior, and availability of biochemical substrates. In general, glucocorticoids help to mobilize endogenous resources for metabolism (Harvey et al. 1984; Gray et al. 1990; Ramenofsky et al. 1999 ) and help to direct energy to reproduction (Wilson and Wingfield 1992) . Under nutritional stress, the secretion of glucocorticoids promotes gluconeogenesis while limiting the uptake of glucose by peripheral tissues (Bentley 1998, p. 235; Norris and Carr 2013, p. 462-463) . High levels of glucocorticoids associated with physiological stress are associated with lipid mobilization (Landys et al. 2006) . Increased lipid mobilization has been found in conjunction with elevated baseline levels of corticosterone in a migratory shorebird (Landys-Ciannelli et al. 2002; Landys et al. 2005) . General patterns of glucocorticoid action are not as well established in birds as some other vertebrates (Deviche et al. 2017) , and so our working hypothesis is not yet well supported empirically. Nevertheless, the availability of metabolic fuels for odorant biosynthesis could be affected by adrenocortical function. Individuals with relatively high allostatic load may not divert as much of their endogenous resources to the maintenance of ephemeral pungent perfumes. If adrenocortical response to acute stress reveals an individual's overall physiological capacity, that capacity could also bear some relationship to odorant production. In order to study this, we measured baseline corticosterone and the adrenocortical response to acute stress Wingfield 1994) . Baseline corticosterone is the concentration of corticosterone circulating in blood plasma prior to inducement of stress by capture. Stress response is represented by the rising levels of corticosterone secreted into circulation in response to capture and handling. We compared quantitative measurements of odorant emissions to size of the crest ornament and to the adrenocortical response to acute stress. We predicted a positive relationship between odorant emissions and crest size, and we predicted a link between odorant emissions and the stress response.
METHODS
Our study site was located at a small isolated colony above Yukon Harbor, Big Koniuji I. in the Shumagin Islands of Alaska (55° 03′ 58.1′′ N, 159° 31′ 45.5′′ W). This colony is situated at 243 m elevation on the upper slopes of a glacial cirque backed by a tall amphitheater of palisade cliffs that enclose the cirque on 3 sides. This is a small relict of a much larger colony that was devastated by the practice of fox farming in the early part of the 20th Century (Bailey 1993) . Crested auklets were already engaged in overflights of their colony when we arrived at Yukon Harbor on 13 May 2002, and the odorant was evident as flocks passed over our chartered vessel. Unfortunately, we were not able to initiate research at the colony in May due to hazardous conditions in the cirque. As a result, we did not sample during the prelaying period when odorant emissions may have been greater. The phenology of our study spanned the incubation period and early chick rearing, from early June to midJuly 2002. Daily attendance at the colony was highly synchronized; each morning crested auklets arrived en masse. It was possible to capture birds before they had the opportunity to alloanoint. When crested auklets rub their bills and upper body over odorant secreting tissues (Douglas 2006a (Douglas , 2008a it seems to increase the flux of chemicals in plumage, and the odorant becomes more apparent in the environment to human observers. The disadvantage of this study site was that the opportunities to capture birds were brief and fewer than is typical at other colonies. Crested auklets spent less time on the rock talus above their nests and more time in the subterranean areas of the colony, where they were audible during the daily activity periods. We attributed this to perceived predation risk from avian predators.
We captured crested auklets with noose carpets set over a large landing rock, from June 4 to July 16. The birds were captured when they stepped in a monofilament noose. We quickly removed birds and sampled 100 µL of blood for measurement of baseline corticosterone (BL) within 0-3 min of the bird becoming ensnared in a foot noose. BL could not be obtained in time for all females, and so our sample size of females for CORT parameters (n = 13) was fewer than the total (n = 16). Birds were placed in breathable opaque bags and subsequently sampled at 10 and 30 min for 100 µL of blood each time to measure adrenocortical response to acute stress (SR). Crested auklets are prone to thermal stress and can die quickly if they overheat. Our procedure is to periodically feel the birds' feet, and if the feet began to feel warmer we release them. Temperatures within the cirque remained relatively cold, which helped to alleviate this problem. Blood samples were placed on ice immediately after collection. Plasma was separated from red blood cells by centrifugation within 12 h of collection and stored frozen at −20 °C until radioimmunoassay analyses (for details, see Wingfield and Farner 1975; Wingfield et al. 1992) . Birds were banded and measured between sampling. Mass was measured with 300 g and 500 g spring scales (2 and 5 g increments, respectively). Morphological measurements were taken with dial calipers (± 0.05 mm). Crest size was measured as the longest crest feather straightened, consistent with Jones et al. (2000) . Observers (H. Douglas, A. Maccormack) worked together across the period of the study to ensure reproducibility of measurements. Breeding status was confirmed by the presence of a full brood patch. Sex was inferred from bill characteristics (after Jones 1993b) and other sexual dimorphic traits (e.g., males have a larger more muscular neck, Douglas 2008a). Body condition index (BCI) was calculated as a mass-skeletal dimensional ratio (mass/tarsus 3 ).
Previous chemical analysis with SPME (solid phase micro-extraction) showed that nearly pure n-octanal (91.6%) could be obtained from nape feathers of crested auklet as they thawed (Douglas et al. 2001a,b) . This finding suggested that sufficient amounts of octanal could be obtained from live birds utilizing a volatile collection chamber. An advantage of this method is that it samples the whole bird, which supports direct comparison of individuals. Approximately 40 min after capture crested auklets were placed in a glass reaction kettle for the purpose of collecting and measuring each bird's volatile emissions. The outer sides of the kettles were wrapped with an opaque black bag. The relative darkness and quiet calmed the birds, and they soon ceased escape behavior. The collection chambers were situated in a rock alcove that provided shelter from the elements and helped to maintain a stable temperature (6-10 °C) during measurements. The detailed methodology was reported elsewhere (Douglas 2006b; Douglas et al. 2008) . Volatiles collection was accomplished in tandem with a split airstream collected on to duplicate polymer traps. Volatiles passed from a reaction kettle through sealed glass fittings, teflon tubing, and on to absorbent polymers (Super Q in one and Tenax in the other) packed in glass traps. After 50 min in the kettle, the crested auklets were removed and released. Each polymer trap was eluted with 2.0 mL of methanol, sufficient to ensure that odorant constituents were not retained from one sampling event to the next. The elution was collected in borosilicate glass vials with teflon-lined caps, sealed with a vapor seal (Duraseal), and frozen at −20 °C until transport from the field site. As soon as possible, samples were transferred to laboratory storage at −80 °C. Calibration of the volatile collection systems was performed at the end of the study under the same field conditions. Blanks were obtained by passing filtered air through empty collection chambers, and eluting the polymer traps. Then an authentic chemical standard for octanal was placed in the purified air stream with a volumetric graduated bubbler and volatilized in the collection system, followed by elution of the polymer traps.
Chemical analysis of samples was carried out by gas chromatography-mass spectrometry using a HP5890 Series II Gas Chromatograph equipped with a 20 m × 0.25 mm, 5% phenyl siloxane column (Alltech), and a HP5972 Series Mass Selective Detector. Quality control was ensured by the inclusion of blanks, duplicates, internal standards, augmented standards, and calibration standards run in sequences at the frequency of 5-10% of total samples. Octanal was selected as an index of chemical emissions because it is consistently the most abundant aldehyde constituent in the crested auklet odorant (~40%, Douglas et al. 2001; Douglas et al. 2004; Douglas 2006; Douglas 2008 Douglas , 2013 H. Douglas, unpublished data) . Hexanal is approximately half as abundant as octanal, but the chromatographic peaks are more variable, as is often the case for highly volatile compounds that come off the chromatography column early. The remaining odorant constituents have relatively small chromatographic peaks and are less suitable for representing the range of trait expression. This is not to imply that minor odorant constituents are less important for communication.
Data were analyzed with IBM SPSS 25. ANOVA was used to test for differences and compare males and females. We used Analysis of Covariance (ANCOVA) with a General Linear Model (GLM) to test for relationships between octanal emissions and parameters of adrenocortical function (CORT). The reproductive Stage (Early Incubation, Late Incubation, Early Chick Rearing) was incorporated as a fixed factor in ANCOVA. The CORT parameters examined were BL CORT, Rate 1-2, and Rate 2-3. Rate 1-2 was the rate of increase in corticosterone secretions between the first and second bleeding (3 and 10 min elapsed time). Rate 2-3 was the rate of increase in corticosterone secretions per minute between the second and third bleeding (10 and 30 min elapsed time). The use of increasing CORT as a metric is appropriate given that the dependent variable is the rate of chemical emissions. While peak values of CORT are often used to represent stress response, the holding times for blood sampling were not sufficient to attain peak CORT. We needed to optimize the volatiles sampling time while minimizing total captivity time, and we reduced holding time for blood sampling to accommodate this. The first 3 males captured were placed into the kettle after the second bleeding (10 min) and then removed after volatiles sampling for collection of a third blood sample at a later elapsed time (>65 min). This approach was less manageable, and we soon changed over to the preferred method. Nevertheless, we were able to infer the parameter Rate 2-3 for the 10-30 min elapsed time based on calculation of corticosterone secretion over a longer time interval. Inclusion of these males did not substantially alter the ANCOVA model, and so they were retained for these statistical analyses. Octanal emissions data were normalized by transforming to the natural log. BL CORT was normalized by transforming the values to log base 10. Rate 1-2 and Rate 2-3 were normally distributed and did not require data transformation. The body condition index and crest length approximated normal distributions in males and females.
Our measurements are an index of individual odorant emissions, and we think these measurements represent the relative strengths of volatile aldehyde profiles that auklets present to conspecifics. We acknowledge some caveats. Chemical signaling is dynamic and volatile chemical emissions vary in time. We were not able to sample during the prelaying period when odorant emissions may have been greater. We did not report on the reproducibility of our measurements, because we were not able to recapture the same crested auklets. The measurement of volatile chemicals in nature is challenging. We controlled for confounding variables and sources of error. Rates of volatilization and characteristics of gases are influenced by temperature (Ideal Gas Law, Bettelheim et al. 2010, p. 148) , but the variations in air temperature during our experiments were relatively small. These small variations would not cause sufficient error to substantially alter the overall findings of our research, and this can be demonstrated by calculations with the ideal gas law (Macnaughton 2007) . Even if one takes the largest possible gas volume, which would be the total volume of air passed through the system in 50 min and likewise assume the largest possible difference in temperature (6 °C vs. 10 °C), the average difference of any given measurement that could be attributed to a difference in temperature is likely to be approximately 1% of the reported value. Furthermore, the relatively small variations in air temperature within the rock alcove were random rather than systematic, and these were therefore not likely to bias for or against stages of either phenology or size of crest length. We assume that the body temperature of the birds was influential and similar across subjects. Volatiles emitted from the birds were warmer than the surrounding air and would have been mostly entrained in the airstream. Many aliphatic aldehydes occur in nature; we controlled for potential contamination by utilizing a purified air stream. Volatiles can be readily lost from samples, but octanal and the other auklet aldehydes partition well into methanol (as explained in Douglas 2013) . By capping the samples with Teflon in borosilicate vials, using a vapor seal, and immediately chilling and then freezing the samples, we were able to stabilize the samples until transfer to −80 °C and subsequent chemical analysis.
RESULTS
Males and females were similar in most respects, with some key exceptions. Crest length was positively correlated with octanal emissions in breeding adult male crested auklets (r = 0.37, P = 0.04, n = 31, Figure 1 ) but not females (P = 0.55, n = 15). Males had a larger range in octanal emissions (2.95-19.95 µL/50 min) than females (3.28-13.80 µL/50 min). Males also had a larger range in the body condition index (5.55-10.14) than females (6.14-8.34). Males and females did not differ with respect to crest length, octanal emissions, body condition, baseline CORT, or Rate 2-3 (ANOVA P = 0.17-0.86). The only difference was in Rate 1-2; this was higher in females than males (F [1, 43] = 4.38, P = 0.04; 1.90 SE 0.23 vs. 1.29 SE 0.17 ng/mL/min).
We used ANCOVA to evaluate the relationship between adrenocortical function and odorant emissions in males. The first model accounted for 64% of the variance in odorant emissions (ANCOVA F [11, 19] = 2.901, P = 0.020, n = 31, Table 1 ). The logarithm base 10 of baseline CORT, Rate1-2, and their interactions terms were not significant. After removing these terms, Rate2-3 and Stage explained 43% of the variance (ANCOVA F [5, 25] = 3.772, P = 0.011, n = 31, Table 2 ). The interaction term (Stage × Rate 2-3) was not significant (P > 0.7) and after it is removed, Stage was significant (P = 0.004). The resulting model (Table 3) explained 42% of the variance (ANCOVA F [5, 25] = 6.375, P = 0.002, n = 31). Effect size, as estimated by partial η 2 , was in close agreement with R 2 values (Tables 1-3 ). The natural log of octanal emissions and Rate 2-3 are correlated among males during early incubation (r s = 0.61, P = 0.026, n = 13; Figure 2 ) and during early chick rearing (r s = 0.77, P = 0.005, n = 11; Figure 3 ). But this parameter (Rate 2-3) is not correlated with the logarithm base10 of baseline Crest length (mm) 50 55
Figure 1
Octanal emissions versus crest length in breeding adult male crested auklets. Rate of increasing CORT (ng/ml/min between 10-30 min)
Figure 3
Octanal emissions versus rate of increasing CORT (between 10 and 30 min) among breeding adult male crested auklets during early chick rearing.
CORT (P = 0.47) in males. We explored ANCOVA in females, but the sample size was too small. Rate 1-2 appeared to be the most important term, and we found that it correlated with the natural log of octanal emissions in females (r s = 0.57, P = 0.04, n = 13). Our chemical analyses for octanal were relatively accurate and precise. No octanal was detected in blank air samples (negative controls). Peak areas for splits of the synthetic octanal calibrations (positive controls) were close; the standard error was 1.6% of the mean (Douglas 2006b ). The standard error of all split samples, expressed as a percentage of peak area, was 8% (Douglas 2006b ). Other compounds previously described from the crested auklet's odorant were also identified, and the relative percentages were similar to what was previously reported (Douglas et al. 2001a (Douglas et al. ,b, 2004 Douglas 2006a Douglas ,b, 2008a Douglas , 2013 .
DISCUSSION
Crested auklets emit a volatile citrus-like odorant during the breeding season and we found a relationship between the odorant and adrenocortical function. The rate of octanal emissions was positively correlated with crest size in males but not females. The rate of increasing corticosterone (Rate 2-3) explained significant variation in octanal emissions among breeding adult males. This rate of CORT increase was also positively correlated with octanal emissions during early incubation and early chick rearing among breeding adult males. A higher rate of CORT increase implies a higher rate of corticosterone synthesis and a more robust stress response. In our ANCOVA model, the CORT parameter Rate 2-3 explained 42% of the variance in octanal, after controlling for reproductive Stage. This is not a large amount of the variance, but we measured an index of the overall chemical signal. Past research has shown that octanal is approximately 40% of the volatile aldehyde signal (Douglas et al. 2001a (Douglas et al. ,b, 2004 . Expression of the aldehyde odorant, and its use in signaling may differ between the sexes. The ranges for body condition index and chemical emissions were greater for males than females. Body condition index is often interpreted as reflecting animals' fat to lean ratio. Males and females differed in the initial rate of increasing CORT following capture, and this parameter was positively correlated with octanal emissions in females. Agonistic interactions between crested auklet males are more likely to progress to physical combat, but females are more likely to resolve conflicts through signaling with their crest ornaments (Jones and Hunter, 1999) . If females are also more likely to resolve conflicts through chemical signaling this could explain why their initial rate of increasing CORT was higher than males. The cost of social status may differ between sexes within a species because resource competition and selection pressures differ (Goymann and Wingfield 2004) .
The crested auklet's odorant complements the crest ornament in that both appear to make the bearer more formidable. Crest ornaments present a more imposing visual profile similar to how the crested helmets of Greek and Roman warriors presented an illusion of size (Van Wees 1994, pp 136-138; Gilliver 2007, p. 10) . The feather crests of crested auklets accentuate the male's head and bill. When crested auklets secrete aldehydes into their plumage it increases the active space and pungency of the signaler. The aldehydes are highly volatile and reactive. They interact strongly with mucous membranes and sensory receptors. This elicits a heightened sensory perception; such perceptions can be both pleasurable and painful (Leknes and Tracey 2008) . This could be the olfactory equivalent of adding bristles to one's feathers in a contest of strength-a contest to emit the strongest odorant. The crest ornament increases the visual headspace of the bearer while the chemical odorant increases the olfactory headspace of the bearer.
Chemical signaling could exact costs from signalers. Adrenocortical function helps to mobilize endogenous resources for metabolism. Elevation of corticosterone may be needed to sustain a stronger chemical signal, but there are physiological costs for prolonged elevation of circulating corticosterone (Sapolsky et al. 2000) . Odorant production may also be costly from the standpoint of the metabolic fuels that must be diverted for biosynthesis of aldehydes. Fatty acid metabolism has been implicated in odorant biosynthesis (Douglas 2006a (Douglas , 2008a (Douglas , 2015a . Fatty acids are valuable metabolic fuels that are tightly regulated (e.g., p 612, Nelson and Cox 2000) . Individuals that have greater capacity to divert metabolic fuels to odorant production and withstand elevated CORT may be demonstrating they can perform with a handicap (Zahavi 1975) . A more robust chemical profile, like a more robust response to acute stress could be linked with an individual's physiological capacity.
The crested auklet's odorant may be functionally linked with dominance, adrenocortical function, and agonistic behavior. Demonstration of a strong and sustained odor profile could advertise that an individual has the capacity to hold its territory and retain its status in a social hierarchy. While there is little evidence in birds, mammals offer examples of this. Olfactory cues linked to stress hormones mediate submissive behavior in pigs. McGlone (1985) showed that when urine from pigs treated with adrenocorticotropic hormone (ACTH) was aerosolized late in a fight it caused a 3-fold increase in submissive behavior compared with a control. McGlone (1985) concluded that olfactory cues in the urine may have increased in concentration after treatment with ACTH. In prepuberal castrated male and female pigs, exposure to urine and blood plasma from aggressive pigs reduced aggression by test pigs compared to the effects of urine from handled nonaggressive pigs (McGlone et al. 1987) . Adrenal modulated stress, in response to high population densities, appears to suppress reproductive function in female mice (Ma et al. 1998) , and this also appears to be linked to an olfactory cue in urine. Stockley et al. (2013) review examples in which odor may be implicated in dominance interactions, aggression, and suppression of reproduction among female mammals. In rats and mice, glucocorticoids, adrenocorticotropic hormone (ACTH), and adrenal function appear to be linked to agonistic behavior and dominance (Bronson and Eleftheriou 1964; Louch and Higginbotham 1967; Leshner 1975; Leshner and Politch 1979; Leshner et al. 1980) . Crested auklets that have a more robust response to stress may be better able to sustain aggressive behavior. Crested auklet males compete in social arenas and attempt to suppress the displays of competitors (Jones 1993a) . For example, during male-male combat crested auklets attempt to grab hold of the crest feathers of their opponent and pull them out (Jones and Hunter 1999) . Lower status males might be able to increase their attractiveness to females by increasing odorant emissions, but the behavior could also invite attacks from dominant males, analogous to how larger badges of status draw more challenges (Rohwer et al. 1982) . The ensuing agonistic interactions could increase allostatic load in low status males, because social conflict can elevate CORT in birds (Van Duyse et al. 2004; Landys et al. 2007 Landys et al. , 2010 Gill et al. 2008 ). Higher baseline CORT associated with higher allostatic load might indirectly restrict odorant production in low status males. Chronic social stress in laboratory animals has been associated with changes in lipid metabolism and fat deposition (Rebuffé-Scrive et al. 1992; Rodríguez-Sureda et al.
2007)
. Allostatic load appears to be relatively high in crested auklet societies (Douglas et al. 2009 ).
Crested auklets may increase their fitness by selecting mates with longer crests and greater odorant production. Crest length is an intrasexual and intersexual signal of dominance and the basis for a mutual mating preference Hunter 1993, 1999) . In this study, crest size correlated positively with octanal emissions in males, suggesting that males with longer crests may have greater capacity to secrete octanal and thereby enhance their odor profile. We suggest that an enhanced scent causes a crested auklet to appear as a more formidable opponent and a more attractive mate. A strong odorant may help advertise a prospective mate's capacity to meet social and physiological costs of reproduction, e.g., defense of nest site and parental care. It may also provide information about a prospective mate's susceptibility to ectoparasites (Douglas et al. 2001a (Douglas et al. ,b, 2004 (Douglas et al. , 2005 Douglas 2006a Douglas ,b, 2008a Douglas , 2013 , and the combined influences of sexual selection and nonsexual natural selection could account for the evolution and maintenance of the odorant (Douglas 2006a, p. 210; Douglas 2013) . In summary, higher emissions of octanal by crested auklet males appears to be related to adrenocortical function. Longer crested males are preferred as mates by females (Zubakin 1990; Hunter 1993, 1999; Fraser et al. 2004 ), tend to have lower baseline corticosterone (Douglas 2006a; Douglas et al. 2009) , and may be able to emit more aldehydes, resulting in perception of a stronger odor profile. As shown in this study there appears to be a link between odorant, ornaments, and adrenocortical function.
